Newly acquired high-quality data are being used to reinterpret the Surat Basin flow systems of the Great Artesian Basin (GAB) in Australia. This paper revisits and updates previous interpretations of flow in the Hutton Sandstone with detailed analysis of the Dawson River area in the northern Surat Basin. Combining analysis of high-resolution permeability measurements with hydraulic head and hydrochemistry data supports the contention that there is significant flow towards the northeast, counter to the canonical regional flow conceptualisation of the GAB. The analysis in this work better identifies the likely discharge to be in the area that the Dawson River intersects the Hutton Sandstone. Heterogeneity in physical and hydrochemical properties suggests that local flowpaths are more complex than previously thought and, at least in this part of the Hutton aquifer, very little recharge contributes to flow deeper in the basin. These results provide a firm basis on which to refine and develop numerical hydrodynamic models of the basin, at least for the Hutton aquifer.
Introduction
The Great Artesian Basin (GAB) was originally conceptualised as a relatively simple gravity-driven regional flow system with the main recharge areas on the eastern and northeastern edge of the basin flowing down-dip to discharge areas in the south and southwest (Habermehl 1980; Herczeg et al. 1991; Radke et al. 2000; Habermehl 2006 ). Counter to this conceptualisation, Hitchon and Hays (1971) interpreted that the Precipice aquifer had a low hydraulic head trough that extended northeast almost to the northern boundary of the Surat Basin hypothesizing that the Great Dividing Range exerted topographic influence. While data control on these maps at that time was fairly sparse, as more data have become available both the Hutton and Precipice aquifers have increasingly been interpreted as having some discharge to the northeast in the Surat Basin (Hodgkinson et al. 2010; Ransley and Smerdon 2012; Hodgkinson and Grigorescu 2013; OGIA 2016) . However, the controls on this flow (i.e. structural or topographic) have not been identified and the physical nature of the northeasterly discharge has not been well defined. Nevertheless, Hodgkinson and Grigorescu (2013) provided a fundamental change in the conceptualisation of GAB hydrogeology and the notion of generalized recharge along its eastern and northeastern boundary.
Previous hydrochemical analysis of the GAB has also supported a picture of far more complex flow paths than obtained from hydraulic head data alone. Radke et al. (2000) concluded that the groundwater chemistry of the Cadna-owie-Hooray aquifer was highly heterogeneous and the trends were best explained as a result of the combined hydrodynamic effects of limited regions of significant flow from the recharge zones to areas of very low flow (relative stagnation) in deeper parts of the GAB. Similarly, early interpretation of hydrochemistry of the Walloon Coal Measures have been found to exhibit a similar chemical evolution to the Great Artesian Basin sandstone formations, i.e. transition from Na-Cl or Na-HCO 3 , Cl waters with elevated Ca, Mg and SO 4 contents in recharge Published in the special issue "Advances in hydrogeologic understanding of Australia's Great Artesian Basin" areas to Na-HCO 3 waters with low Ca, Mg and SO 4 contents (Quarantotto 1989; Draper and Boreham 2006) . These trends result from sulfate reduction and carbonate dissolution closer to the recharge areas evolving along flow paths with calcite and dolomite precipitation as well as ion exchange on clays (Radke et al. 2000; Raiber and Suckow 2017) .
More recent investigations have shown that fluid flow is more heterogeneous than previously thought and that local flow regimes, geological structure and geochemical processes will all influence fluid flow interactions in the basin (Baublys et al. 2015; Owen et al. 2015 Owen et al. , 2016a Baublys et al. 2019) . Hydrochemical and environmental tracer analyses of the Hutton aquifer has also supported northeasterly flow in the Dawson River section of these aquifers (Ransley et al. 2015; Suckow et al. 2016; Raiber and Suckow 2017; Siade et al. 2018) .
With the expansion of coal seam gas (CSG) industry in the Surat Basin knowledge of aquifer flow systems and controls is required to improve numerical models designed to estimate impacts of water withdrawal from the coal seams on adjacent aquifers. The Hutton aquifer is of particular interest as it directly underlies the Walloon Coal Measures (CSG resource target) and is an important agricultural water supply aquifer. New and newly validated hydraulic head data for the Hutton Sandstone were used to reinterpret groundwater flow in the area previously interpreted by Hodgkinson and Grigorescu (2013) in the north of the Surat Basin.
Groundwater flow in the Hutton Sandstone will be reinterpreted using newly acquired hydraulic head and hydrochemistry data as well as a new, high-resolution core permeability dataset. This paper will show how additional high quality data reveal more heterogeneity in aquifer properties than previously thought and that multidisciplinary analysis is required to build a more complete picture of aquifer dynamics and interactions. These studies can be used to develop improved conceptual and numerical models to describe aquifer flow that are essential for determining the impact of water withdrawals by both CSG and agriculture as well as reinjection on the resource.
Methods

Study area
The insert in Fig. 1 shows the location of the Surat and Clarence Moreton Basins in relation to the GAB. These basins define the eastern extent of the GAB. The Hutton Sandstone underlies most of the Surat Basin in Queensland (Fig. 1 ). This sandstone outcrops in the north of the Surat Basin and northeastern extent of the Clarence Moreton Basin and dips to the south and west (Fig. 1) . The outcrop of the Hutton Sandstone (Surat Basin) and the equivalent Marburg Sandstone (Clarence Moreton Basin (Draper and Boreham 2006; Hamilton et al. 2012 ) are shown in relation to the digital elevation model. Because there are only a few bores in the Clarence Moreton Basin, hereafter the Hutton and Marburg sandstones will be referred to as the Hutton Sandstone only.
The Dawson River area, shown as the yellow rectangle ( Fig. 1 ) was chosen for more detailed analysis. The area lies to the north of the Great Dividing Range (shown by the higher elevation feature running approximately west-east across the basin. Major structural features are shown as red lines with the most dominant feature, the Mimosa syncline, running northsouth through the area. The location of water bores and wells completed in the Hutton Sandstone with hydraulic head and hydrochemistry are shown as well as location of two cores (Woleebee Creek and, Kenya East) used for high-resolution permeability measurements are shown as a black-outlined square in Fig. 1 . The Woleebee Creek core is located in the south of the study area, while the Kenya East core is located further south. Coal seam gas tenements are located in the south of the study area and represent the northernmost extent of CSG production in the Surat Basin.
Permeability
Continuous vertical profiles of permeability were determined by QGC from core plug analysis of two wells (Woleebee Creek and Kenya East; Fig. 1 ). Core recovery for Woleebee Creek was 97.22% and Kenya East was 94.74%. Unlike typical permeability analyses, which are often biased towards higher permeability reservoir units, analysis of core plugs in this work was conducted at a regular high-frequency intervals to produce a continuous vertical permeability profile. These core measured permeability values represent intergranular flow rather than fracture flow. Permeability data for the Walloon Coal Measures were measured but are not available for publication due to commercial in confidence. Permeability of the Walloon Coal Measures is expected to be less than 10 mD (Towler et al. 2016) .
Hydraulic head
Water level data from both water supply and monitoring bores as well as drillstem tests and wireline tests (such as Modular Dynamic Tests) from CSG and other gas exploration wells were used to map hydraulic head in the Hutton aquifer. All data were allocated to stratigraphic units using the mid-point of the completed interval and hydrostratigraphy from OGIA (2016). Bores and wells were subjected to basic quality assurance/quality control (QA/QC) for confidence in well location, completed interval, and transient effects that might impact observed water level (various time scales of fluctuations such as atmospheric, earth tide, and seasonal as well as possible extraction effects). Each water level value was corrected to a constant density for a formation pressure value at the mid-point of the completed (screened) interval. For well test data, pressure was reported either as final shut in pressure or as pressure time increments. In cases where increments were available a Horner Interpretation was performed to establish a better estimate of formation pressure. Factors that impact the quality of the final formation pressure estimates are described by Hortle et al. (2013) . Hydraulic head measurements were corrected to mAHD (Australian Height Datum) using a newly available 1-s digital elevation model which provides more accurate ground level datum for each bore.
Hydrochemistry
Groundwater chemistry data was extracted from the University of Queensland Water Atlas (Vink 2019) for bores that were completed in the Hutton aquifer and had analyses of conductivity, pH and major anions and cations. The data were subject to the integrated QA/QC procedure which was described in Vink et al. (2014) , adapted from Hitchon and Brulotte (1994) . The bores with water chemistry were located close to bores with water level data, but few bores had both water level and chemistry data
The chemistry data were log transformed (except pH) and analysed using Wards linkage and Euclidean Distance Hierarchical Cluster Analysis in 'R' statistical package. The Wards method used an analysis of variance approach to evaluate the distances between clusters such that the sum of squares is minimised for any two clusters that can be formed at each step. Figure 2 shows the depth profile of permeability from the Woleebee Creek and Kenya East cores. Each stratigraphic unit is indicated by different coloured shading with coal measures shown as grey and aquitards shown as orange with aquifers as yellow. The Springbok, Hutton and Precipice aquifers are present in each core, although at different depths, and the Gubberamunda Sandstone is present only at Woleebee Creek. These relationships are consistent with previous stratigraphic analyses of the basin (e.g. Grigorescu 2011; Hodgkinson and Grigorescu 2013; Hamilton et al. 2014) . Permeability data are plotted on a log scale which emphasises low permeability values. Most values throughout the profile are less than 600 mD. Stratigraphy and lithology of these cores can be found in Guiton et al. (2015) and Bianchi et al. (2019) .
Results
Aquifer permeability
Comparison of the permeability profiles from the two locations shows that the aquifers have higher permeability than aquitards (as expected) but the distribution of permeability between and within the aquifers is quite variable. Because these data represent an almost continuous measurement of permeability (core recovery >97%) with depth the data can be plotted as a cumulative probability or Lorenz plot (Kakwani and Podder 1976) . The cumulative plots were constructed by calculating the sum of permeability measurements in each strata divided by total sum of the permeability measurements, essentially normalising the profile to 100%. Permeability cut-offs were not used in the calculations. Figure 3 shows the cumulative permeability for the entire Woleebee Creek core and for the Hutton Sandstone only (insert). The Precipice Sandstone had the highest permeability values in both cores, representing 85 and 74% of the total Surat Basin permeability at Woleebee Creek and Kenya East, respectively. At Woleebee Creek~12% of the total permeability occurs in the Gubberamunda Sandstone and above, 3% occurs in the Hutton Sandstone. At Kenya East, the Gubberamunda Sandstone is absent, 16% of the total permeability is within the Springbok Sandstone,~10% is in the upper part of the Hutton Sandstone (Fig. 2) . These permeability ratios are also consistent with previous analysis of lithography, and mineralogy of the sandstones (Grigorescu 2011) .
The distributions of high permeability values with depth in each sandstone are also distinct (Figs. 2 and 3). The bulk of high permeability values in the Precipice Sandstone occur as a distinct band approximately 100 m width centred a little below 1,500 m deep at Woleebee Creek and~1,200 m at Kenya East (Fig. 2) . The Hutton Sandstone, in contrast, has several relatively thin zones appearing as "spikes" of higher permeability Fig. 2 The vertical permeability profiles (black) on a log scale for cores taken from the QGC database for a Woleebee Creek and b Kenya East bores in the Surat Basin. The main stratigraphic horizons are marked with a colour-coded background to the plot within the bulk of lower permeability rock-for example, in the Woleebee Creek core there are four spikes of high permeability between 1,050-1,130 m and another zone of higher permeability at~1,250 m deep (Fig. 2) . The cumulative permeability plot for the Hutton Sandstone at Woleebee Creek ( Fig. 3 , see insert) shows that the bulk of the permeability also occurs within two depth ranges. There is a very narrow band of high permeability at~1,050 m and another between 1,075 and 1,125 m.
Vertical hydraulic isolation of aquifers and aquitards is well established (Freeze and Cherry 1979; OGIA 2012) ; however, the permeability distributions shown in Figs. 2 and 3 suggest that the aquifers themselves are also internally highly heterogeneous and do not have a uniformly higher permeability compared to the aquitards. In the Hutton Sandstone at Woleebee Creek, 80% of the high permeability occurs within only 19% of the rock (i.e. a total of 61 m out of 320 m). This permeability distribution confirms the estimates based on tracer data from Suckow et al. (2018) that the majority of the flow through the Hutton Sandstone occurred in only 20% of the total rock volume. Thus, it would appear that at least some aquifers, and in particular the Hutton Sandstone, may also be vertically hydraulically isolated rather than in communication as commonly assumed in groundwater models. The distribution of permeability will significantly affect both the flux of formation water and the transmission of pressure perturbations within and between aquifers.
Regional and local hydraulic head in the Hutton Sandstone
Regional Hutton Sandstone hydraulic head Figure 4 is a bubble plot showing the spatial distribution of hydraulic head in the Hutton Sandstone. The Hutton outcrop is shown as the hashed area and the Great Dividing Range is shown as the elevated area running roughly north west to south east in the DEM. Most bores or wells used for hydraulic head measurements were located within or close to the outcrop. Almost no measurements of hydraulic head are available in the middle and southwest of the Surat Basin (see area between Roma, Surat, Goondiwindi, St George). Although Fig. 4 is a somewhat unorthodox way to show hydraulic heads, it is useful for highlighting the broader spatial distribution, while also preserving the finer-scale trends in the data such as the gradients in and close to the outcrop. The lower gradients in the areas south of the outcrop are also preserved (e.g. southwest of Roma), for example, range between 350 and 370 mAHD.
Hydraulic head values range from 180 to 650 mAHD. Lowest values occur in the northern section of the Surat Basin in the Dawson River area. Four particularly high values occur in the NWand SE (east of Oakey) of the outcrop as well as south of Miles. West of the Mimosa Syncline, generally higher heads (400-500 mAHD) were observed in the outcrop with lower values 350-400 mAHD extending southwards from the outcrop into to centre of the basin. In the Dawson River area (outlined in black), higher hydraulic heads were observed to the south with similar overall values either side of the Mimosa Syncline. Further east of the Mimosa Syncline, hydraulic heads between 350 and 400 mAHD were observed close to the outcrop with values tending to be between 250 and 350 mAHD further towards the centre of the basin. Few bores with hydraulic head measurements were located in the eastern Hutton and Marburg Sandstone outcrop compared to the west.
The hydraulic head distribution in the Hutton Sandstone suggests that topography may have a role in driving northsouthward flow through the regional system. This is consistent with previous research and the canonical view of generalised flow in the GAB (Habermehl 1980; Radke et al. 2000) ; however, the hydraulic head distribution in the Dawson River area of the Hutton Sandstone is clearly different. Hydraulic head values for the Hutton Sandstone are markedly lower in the Fig. 3 The vertical cumulative permeability distribution at the Woleebee Creek bore calculated as a Lorenz Function (X axis in % of normalized total permeability). Insert is cumulative permeability plot of the Hutton Sandstone only Dawson River area compared to adjacent areas of the Hutton outcrop and subcrop. A more detailed interpretation of flow dynamics and hydrochemistry in this area is presented in the following.
Hydraulic head in the Dawson River area
Hutton Sandstone hydraulic heads in the Dawson River area were hand contoured (Fig. 5 ). Mapping in this work has the benefit of more data points than previous work (Hodgkinson et al. 2010; Ransley and Smerdon 2012; Hodgkinson and Grigorescu 2013) and confirms that there is a trough of low hydraulic head around Taroom. The additional data included in work allows the hydraulic head distribution to be better defined over the entire Dawson River area. Results suggest that low hydraulic head contours appear to approximately follow the surface drainage lines of the contemporary Dawson River (Fig. 5) . Although data are a little sparse in some sections, given that surfacewater drainage lines often reflect underlying structural geological features and that these features often correlate with properties such as grain size variation or microfracturing due to differential compaction, it is reasonable to expect the groundwater flow direction to be similar to surfacewater flow.
The groundwater flowpaths also suggest that the Hutton aquifer outflow is likely to be located in the area where the Dawson River intersects the Hutton outcrop (red circle Fig. 5 ). The implication of this hydraulic head distribution is that if recharge is occurring in the Dawson River outcrop area, little or no flow is contributing to the regional Hutton aquifer flow. This association is also likely to be strengthened by the topographic control exerted by the Great Dividing Range in this area ( Fig. 5; OGIA 2016 ). 
Hutton Sandstone hydrochemistry
Hydrochemistry and multidimensional analyses were used to aid interpretation of groundwater flowpaths (Cloutier et al. 2008 ). Figure 6 shows the spatial distribution of salinity in the Hutton Sandstone. Salinity is spatially variable and, in general, the distribution is consistent with the regional flow pattern of recharge in the outcrop extending southward into the basin. Lowest salinities occur in the outcrop, although there are a few bores with higher salinity (up to 3,000 uS/ cm) also located in the outcrop (Fig. 6) . Salinity tends to be higher immediately south of the outcrop and into the basin although again there are also distinct occurrences of low salinity into the basin. One particular cluster of salinity <850 uS/ cm located west of Roma may be associated with faults in that area rather than reflecting hydrochemical evolution in the basin. Interestingly, there appears to be a distinct divide in salinity east and west of the Mimosa Syncline (Fig. 6 ). East of the syncline higher salinities (2,000-4,000 uS/cm) extend along the outcrop to the east (i.e. following the outcrop towards Dalby; Fig. 6 ). Three bores with particularly high salinity (>10,000 uS/cm) were located between Taroom and Miles (Fig. 6) . The hydrochemistry of these bores, as discussed in the following, is representative of water typically from coal seams (i.e. high salinity, Na and Cl). Figure 7 shows salinity of the Hutton Sandstone aquifer in the Dawson River area. In general, salinity in this area of the Hutton aquifer is less than 5,000 uS/cm, with typically higher and more variable salinity located east of the Mimosa syncline. As expected, lower salinity water (<150 uS/cm) only occurs in the outcrop and based on major ion chemistry including relatively high sulfate concentrations these bores most likely represent recent recharge water. There are also a few bores with notably higher salinity (up to 4,000 uS/cm) also located in the outcrop (Fig. 7) , particularly in the north.
Dawson River area hydrochemistry
In a few locations east of the syncline, salinity appears to vary over fairly short (~10 km or less) distances (Fig. 7) with adjacent bores varying by~1,500 uS/cm. Salinity does not vary as a function of distance from the outcrop as would typically be expected and found for other aquifers in the Cluster analysis of major ions, conductivity and pH in Hutton Sandstone aquifer waters from the Dawson River area revealed six clusters of water types. Figure 8 shows the major ion composition of individual bores colour-coded by the cluster designation. The average chemical characteristics of each cluster are listed in Table 1 . There is often substantial overlap in major ion composition between the clusters (Fig. 8) , which was also found by Raiber and Suckow (2017) in a study of the Hutton and Precipice sandstones.
Hutton Sandstone waters can be generally characterised as comprising a relatively low proportion of sulfate (<20%) and varying proportions of chloride and bicarbonate. In terms of cations, the clusters are generally sodium dominated with only one cluster (cluster 1) having a significant proportion of Ca and Mg. Cluster 4 has the lowest salinity (<200 uS/cm) and a relatively higher proportion of HCO 3, Ca and Mg. Clusters 3 and 5 exhibit similar salinity (1,000-2,000 uS/cm) but can be distinguished by a higher proportion of Ca in cluster 5 and relatively higher HCO3 in cluster 3. With the exception of cluster 3 (and 6) most other clusters have some bores that have higher relative proportion of Ca and/or Mg. Only three bores separated into cluster 6, these had very high salinity and were Na, Cl dominant waters, as noted previously, with chemistry that would fall within the range of coal seam waters (Baublys et al. 2015; Owen et al. 2016a; Mallants et al. 2018) . These bores could be either incorrectly assigned to the Hutton Sandstone or have a bore completed in a coal bearing area of the Hutton Sandstone (OGIA 2012). Regardless of salinity, all bores with high Ca + Mg relative to Na + K proportion were located within or close to the outcrop.
The spatial distribution of the clusters derived from the hierarchical cluster analysis using electrical conductivity and Fig. 9 . Cluster 4, the freshwater cluster, occurs in the outcrop area of the Hutton Sandstone as well as occasionally in the middle of the basin. Bores representing these clusters located in the outcrop have higher relative proportions of Ca and Mg seen in the Piper diagram (Fig. 8) . Cluster 1 also tends to occur within or close to the boundary of the Hutton Sandstone outcrop. These waters have moderate salinity (~4,500 uS/cm) as well as the highest proportion of sulfate in the dataset. In general, cluster 4 waters are the freshest and are sodium-chloride-dominated with a small fraction of calcium and magnesium. Cluster 2, characterised by moderate conductivity, Na/Cl dominance and low Mg, tends to be located east of the Mimosa Syncline. Cluster 3 tends to be located away from the outcrop area towards the southwest of the study area and is characterised by relatively low salinity Na/HCO3 dominance with very low proportion of Ca and Mg. Cluster 5 tends to be located in the north of the Dawson River area. These waters that have low conductivity are Na/HCO 3 /Cl dominated, with a reasonably high relative proportion of Ca. Finally, there are two bores (cluster 6) that have very high salinity (<10,000 uS/cm) and distinctive Na, Cl dominant chemistry. The chemistry of this cluster is similar to waters in the Walloon Coal Measures, and coal measures more generally (e.g. Baublys et al. 2015) . As already noted, while these bores might be screened in the overlying coal measures, each bore was carefully validated and it is equally possible that the hydrochemistry of these three bores are influenced by coal inclusions in the sandstone (OGIA 2012). Hydrochemistry along the western margin is characterised by generally higher salinity, Na, Cl dominance LOR analytical limit of reporting and variable Ca, indicating that these waters are more hydrochemically evolved than waters to the north and west. This analysis shows that the hydrochemistry of the Hutton Sandstone aquifer is quite variable, including in the outcrop and that hydrochemistry can vary over quite short distances. While salinity in the outcrop was generally low, some bores had salinity much higher than expected, up to 6,000 uS/cm. Spatially, bores with the different water types identified by salinity/major ion cluster analysis tended to be located in distinct areas which are aligned with the flow system interpreted from the hydraulic head distribution (Fig. 9 ). Possible explanations are discussed in detail in the following but may reflect the effects of difference recharge source areas, areas of different lithology/ mineralogy and/or porosity/permeability conditions which affect the residence times of waters in different parts of the aquifer essentially creating discrete flow subsystems.
Discussion
Concerns over groundwater impacts due to the development of the CSG industry has resulted in a substantial increase in the volume and accuracy of groundwater data in the Surat Basin, allowing a more detailed view of hydrological and hydrochemical properties to be developed for some areas of the GAB. These studies are essential for informing refinement of both conceptual and numerical models of aquifer dynamics required to predict drawdown in response to anthropogenic activities.
This paper has presented new hydraulic head and hydrochemistry data for the Hutton Sandstone in the Surat Basin with detailed interpretation for the Dawson River area. Overall, higher hydraulic heads were observed in the outcrop of the Hutton Sandstone, decreasing towards the centre of the basin, supporting the canonical view of gravity-driven Fig. 9 Spatial distribution of groundwater geochemical cluster analysis with the interpreted hydraulic head contours and flow paths. Outcrop area for the Hutton Sandstone are the stippled area. Dawson River is shown as the blue line groundwater flow through GAB aquifers (Habermehl 1980; Herczeg et al. 1991; Radke et al. 2000; Habermehl 2006 ). However, distinct regions of higher and lower hydraulic head were observed in the Hutton Sandstone outcrop as well as the basin interior that did not appear to be related to either geology or topography-for example, the north-south trending line of hydraulic heads 350-400 mAHD located west of the Mimosa Syncline (Fig. 4 ) and the distinct cluster of low heads in the Dawson River area. More complexity in flow paths has been observed over time in the GAB, largely as a result of increasing data density and multiple lines of evidence (Habermehl 2002) . Dafny (2016) suggested that the GAB could in fact be subdivided into several hydrogeological basins each draining towards particular discharge spring groups. Dafny's (2016) analysis only considered the area of the GAB east and south of the Great Dividing Range. The Dawson River area of the Hutton Sandstone appears to be another hydrologically separate subbasin of the GAB discharging to springs located where the Dawson River intersects the northeastern edge of the outcrop. The Dawson River area of the Hutton Sandstone exhibits a number of unique characteristics. Firstly, hydraulic head values were substantially lower than in the adjacent outcrop and more like the values observed further south in the middle of the Surat Basin. Hydraulic head analysis suggested that local groundwater flow in the Dawson River area is from the southwest to the northeast, counter to other parts of the sandstone and GAB aquifers generally (Habermehl 1980; Herczeg et al. 1991; Radke et al. 2000) . Hodgkinson et al. (2010) were the first authors to identify the hydraulic low around Taroom. This feature was also noted by Ransley and Smerdon (2012) and Raiber and Suckow (2017) who also interpreted a northeastward flow. Building on these interpretations with additional data, this paper reveals more complex flow paths than previously reported and identified the likely outflow to be where the Dawson River intersects the Hutton Sandstone outcrop. It can be seen that the surface elevation along the river valley system in this area strongly impacts the hydraulic head distribution in the aquifer (Fig. 5 ). Based on this revised mapping, a high proportion of water recharging into the Hutton Sandstone in the Dawson River area would be expected to discharge locally along relatively short flowpaths rather than flow to the broader GAB. Available isotopic tracer data ( 14 C, 36 Cl, 2 H and 18 O) support this contention, although the distribution of samples was not sufficient to definitively locate the discharge area (Suckow et al. 2016) . Hydraulic head analysis of the Precipice Sandstone and the Evergreen Formation in the Dawson River area also supports northward discharge, suggesting that this may be a common feature at least in this area (Hodgkinson et al. 2010; Raiber and Suckow 2017; Siade et al. 2018) .
The inferred flow paths within the Hutton Sandstone (Dawson River area) suggest that flow is directed along troughs of hydraulic lows that are approximately coincident with the contemporary surface-water drainage. There are often underlying structural geology reasons for the location of surface-water drainage and these same structural features can also influence reservoir quality (e.g. permeability) due to properties such as grain size variation or microfracturing due to differential compaction. Whether or not the observed vertical heterogeneity in permeability shown in Fig. 2 translates into preferential pathways for fluid flow through the Hutton Sandstone requires further investigation. However, it is common to have distinct lithological features that can be correlated across large distances within sandstone units (e.g. Bianchi et al. 2018) . Additionally, the upper Hutton Sandstone was deposited as meandering streams or interconnected channels such as braided fluvial system (Bianchi et al. 2019) which would tend to result in bands or at least patches of coursergrained sediments within areas of mudstone and siltstone which in a vertical sequence could result in the sort of permeability profile shown in Fig. 2 and more importantly also support some degree of horizontal connectivity. Clearly, the role of larger fractures or even faults cannot be ignored as drivers of fluid flow in the system but the concept of dual porosity flow in the Hutton sandstone based on isotopic tracer distributions (Suckow et al. 2016; Suckow et al. 2018) as well as other GAB aquifers has been previously proposed and is consistent with the permeability distribution shown in this work.
The hydrochemical trends observed more broadly in the Hutton Sandstone are similar to those observed by Raiber and Suckow (2017) and also support the proposed hydrodynamic regime in Dawson River area of the Hutton Sandstone. The primary trend is that hydrochemistry in the outcrop is variable, while away from the outcrop three distinct zones were identifi ed using cluster analysi s (Fi g. 9 ). Hydrochemistry in these zones may reflect different lithology, hydrodynamic regime or, more likely, a combination of both. The alignment of the hydrochemical zones with the interpreted hydraulic head distribution suggests that the troughs of low hydraulic head represent groundwater confluence areas or mixing zones that separate different portions of the flow system.
Hydrochemical variability in the outcrop probably indicates lithological changes and associated mineralogical variations. The low proportion of sulfate in the freshest waters (cluster 4) was surprizing but possibly reflects contemporary (perhaps occurring in surface water bodies) sulfate reduction processes along with rapid recharge and little dissolution of carbonates. Throughout the outcrop, bores with higher salinity were mostly characterised by a higher proportion of Ca and/or Mg and often had sulfate present. The high proportion of sulfate in brackish waters has been reported elsewhere (Raiber and Suckow 2017) and it has been suggested that these also represent recharge waters. Raiber and Suckow (2017) also suggested that the hydrochemical differences observed east and west of the Mimosa Syncline might be due to the origin of recharge waters. In this work, while there was considerable hydrochemical variability within and close to the outcrop, there did not appear to be any east-west distinction in salinity or major ion composition. Further, within the Dawson River basin, the hydrochemical zones appeared to cross the Mimosa Syncline and were more aligned with the hydrodynamic regime identified from the hydraulic head analysis. These observations do not rule out the possibility of recharge to different areas of the sandstone. The analysis in this study suggests that in addition to the east and west recharge areas identified by Raiber and Suckow (2017) , another might lie to the north, although there are very few bores completed in this area of outcrop. Further research is required to better constrain recharge pathways in the Hutton Sandstone in the Dawson River area and the role of lithological and mineralogical variation in driving hydrochemical patterns. There is also a possibility that waters in the eastern margin are influenced by water from the overlying coal measures or coal inclusions in the sandstone. However, regardless of the exact recharge pathways, this work has shown that overall water recharging to the Dawson River area of the Hutton Sandstone is expected to discharge locally along relatively short flowpaths rather than to the broader GAB. Similar hydrodynamics have been proposed for the Precipice Sandstone in the Dawson River area (Hodgkinson et al. 2010; Raiber and Suckow 2017) , suggesting that at least this area other aquifers may behave similarly.
The detailed analysis of the Hutton Sandstone in the Dawson River area presented in this paper has only been possible with the increase in available high quality and carefully validated water level and chemistry data and a detailed digital elevation model. As is often the case in natural systems more detailed data typically reveals greater heterogeneity and variability in processes. It is important to note that while additional high-quality water level and hydrochemical data are revealing new insights into the functioning of GAB aquifers, the ability to use several lines of multidisciplinary evidence is the key to building a more complete knowledge base. This also supports the case for greater transparency and availability of data from all disciplines collected by both industry and government and the need for multidisciplinary tools such as the UQ Water Atlas, which can be used to intuitively display results for public consumption. The challenge is to begin to reconceptualise the GAB system and integrate these findings into numerical models used to aid prediction of impacts of new developments and guide water management decisions. Improved understanding of the scale of various aquifer processes and the influence on flowpaths as well as predicting the fate of recharge waters in relation to regional and local flow will be essential.
Conclusions
Hydraulic head and hydrochemistry data from the Hutton Sandstone in the Dawson River area of the northern Surat Basin were used to examine the flow system in this area of the basin. The results suggested that most of the recharge does not flow to the regional GAB but is discharged to the northeast of the basin where the Dawson River intersects the Hutton Sandstone outcrop. The new hydraulic head dataset showed that areas of hydraulic lows aligned with the contemporary river system appeared to delineate areas of distinct hydrochemistry. Fine-scale permeability analysis of two cores revealed that high permeability was confined to only~20% of the Hutton Sandstone. These results confirm outcomes from other recent research conducted in the northern Surat Basin and highlight the local complexity in hydrodynamics and hydrochemistry which must be incorporated into conceptual and numerical models required to estimate the response of aquifer systems to anthropogenic perturbations.
